We used the high local electric fields at the junction between the suspended and supported parts of a single carbon nanotube molecule to produce unusually bright infrared emission under unipolar operation. Carriers were accelerated by bandbending at the suspension interface, and they created excitons that radiatively recombined. This excitation mechanism is È1000 times more efficient than recombination of independently injected electrons and holes, and it results from weak electron-phonon scattering and strong electron-hole binding caused by one-dimensional confinement. The ensuing high excitation density allows us to observe emission from higher excited states not seen by photoexcitation. The excitation mechanism of these states was analyzed.
between e -and h þ creates weakly bound excitons (14) that mostly dissociate under high field and contribute to the electrical current (15) . In 1D CNTs, on the other hand, exciton binding energies are predicted to be more than an order of magnitude larger (9) (10) (11) , so that the 1D excitons are expected to recombine and contribute little to the current. We find that the intensity of light emission increases exponentially with the drive current in partially suspended CNTFETs Ein 3D materials, light emission is usually proportional to the product of the e -and h þ currents (14) ^and has a similar dependence on both the gate and drain bias, whereas the current itself increases linearly with bias.
These observations are a manifestation of the strong e --h þ interactions in the quasi-1D CNTs that prevent e --h þ pairs from dissociating and validate the exciton picture. We also find that the current-voltage (I-V) characteristics of the suspended CNTFETs display negative differential conductance (NDC), which, by comparison with the light emission, we find to be correlated with the onset of the generation of excitons by hot carriers (16) . This local EL mechanism leads to a 10 2 to 10 3 times increase in efficiency over that achieved by supported ambipolar CNTFETs (16) . From both the position of the emission spot and the dependence of the IR emission on the drain and gate bias, we conclude that the high local electrical field at the suspension interface is mainly responsible for the enhanced emission efficiency. By removing the underlying substrate and suspending the CNT, nonradiative recombination channels involving the substrate can also be reduced (5) . The extraordinary current-carrying capability of a CNT (12) and its ultra-small size lead to an ultra-bright light source. Finally, the È100 times higher exciton density (0.14 nm -1 ) achieved in our devices, compared with that in typical photoluminescence (PL) experiments, allows us to detect emission from the second allowed exciton (E 22 ) state in CNTs. We show that E 11 exciton-exciton annihilation is primarily responsible for the E 22 emission. In agreement with a very recent study (17) , where high exciton densities were achieved in PL using pulsed laser excitation, we did not see direct evidence for a Mott transition, which is expected to take place when excitons start to spatially overlap.
The CNTFETs (È25 devices) with a partially suspended CNT channel used in this study were fabricated by etching 0.4-to-15-mm-wide trenches in a 200-nm-thick SiO 2 film on Si wafers. The trenches extended through the SiO 2 film and 2 mm into the Si substrate. CNTs with diameters in the range of 2 to 3 nm were grown on the trenched substrate by chemical vapor deposition (18) . Palladium source and drain electrodes were then patterned on CNTs with channel lengths between 4 and 80 mm. The highly doped silicon substrate was used as a back gate. Detailed experimental setup and sample fabrication are discussed in the supporting online materials (18) .
A spatial map of the IR emission, collected with a bandpass filter centered around 1.6 mm (in the E 11 emission band) from a single CNTFET, was superimposed on an optical image of the device structure (Fig. 1A) . Unlike nonsuspended CNTFETs, whose emission from ambipolar injection can be spatially translated along the length of a CNT by changing the gate bias (13), the emission from the partially suspended device is localized at the SiO 2 supported/suspended CNT interfaces under a wide range of gate biases. Figure 1B shows the drain current and the emission intensity at 1.6 mm occurring at the suspension interface, as a function of the gate voltage (V g ) at a constant drain bias of V d 0 -5 V. We observed no detectable emission when the gate bias was below a threshold gate overdrive kV g -V th k of È0.5 V, where V th is the threshold voltage (-2.6 V in this sample) at which the CNTFET is electrically turned on. At kV g -V th k 9 0.5 V, the emission intensity increases rapidly with increasing current.
There are three major differences in the IR emission from suspended CNTFETs compared with that from nonsuspended devices: (i) The dominant emission from the suspended CNT occurs under unipolar transport conditions (V g G -3.1 V for h þ and V g 9 -2.1 V for e -), and no appreciable emission is observed at the ambipolar region where the current shows a minimum (V g 0 -2.6 V); (ii) The emission intensity increases exponentially with the drive current in the suspended tube (Fig. 1B, inset) , whereas in a nonsuspended CNT biased under ambipolar conduction, the emission intensity is proportional to the minority carrier density (19) ; (iii) The minimum drain bias needed to observe emission is notably smaller in sus-pended tubes (V d È 2.5 V) than that in nonsuspended tubes (V d È 15 V) (13) . In turn, a CNTFET operated under ambipolar conditions needs to be driven to higher drain/gate fields and currents to generate the same amount of light as the suspended CNT, indicating that EL via ambipolar conduction is a much less efficient process. Indeed, the emission efficiency defined as photons per electron measured on the suspended samples (16) is about 10 j3 to 10 j4 , that is, the partially suspended samples exhibit an increase of 2 to 3 orders of magnitude from that of supported CNTs operated under ambipolar conduction conditions (16) . Although the efficiency (photons/electron) of the suspended CNTs is numerically comparable to that of CNTs wrapped in micelles in PL measurements (emitted photons/adsorbed photon) (1), the small optical cross section of CNTs (10 j11 to 10 j12 cm 2 per CNT) (20) reduces the effectiveness of exciton generation by photoexcitation. For a typical injection current of 3 mA, È20 electrons per ps are injected in a steady state in a CNT, generating È0.02 photons per ps by EL; correspondingly, È2 Â 10 13 cm -2 ps -1 per CNT input photons are required by photoexcitation. The small emitting area coupled with the high current-density-carrying capability in a CNT makes it possible to produce an ultra-bright nano-light emitter. For example, a 3-mA current in a partially suspended CNTFET generates about 10 7 photons nm -2 s -1 .
How is the light generated in the supported/ suspended CNT interface? Figure 1C shows a schematic band diagram of a partially suspended CNT with a gate biased to produce unipolar conduction. At the junction between the SiO 2 -supported part of the CNT and the part suspended over the trench, the decrease in dielectric constant (21) leads to a reduced capacitive coupling to the Si back gate. This process gives rise to a bending of the CNT bands, which, together with the source-drain field, generates a high local electric field E and produces hot carriers. Thus, electrons injected into the conduction band are accelerated toward the source by the high field at the interface. If an electron can be accelerated to a sufficiently high energy and does not lose that energy by optical phonon scattering, it can create an exciton that can decay radiatively. The electron that lost energy to the generated exciton could, in turn, pick up energy from the field and continue this process. For an impact excitation process to occur, both energy and momentum need to be conserved. The threshold energy should be at least equal to the lowest exciton energy, and the need to conserve momentum typically increases the threshold energy by a factor of È1.5 (22) . Exciton-band-mixing effects (10, 11) and interactions with the substrate can, however, relax the momentum conservation law, and the threshold energy can be as low as the exciton energy.
A rough estimate of the threshold electrical field E th needed for impact excitation is given by 1.5E g /l ph , where E g is the transition energy Eoptical band gap È 0.56 eV for a 1.9-nmdiameter CNT (23)^and l ph , 10 to 20 nm is the optical phonon scattering length reported in CNTs (24, 25) . Compared with 3D materials (22) , the longer optical phonon scattering length implies a lower threshold field for the onset of impact excitation in 1D CNTs, whereas the larger exciton binding energy in 1D CNTs prevents e --h þ pairs from dissociating. These two factors make emission from impact excitation in 1D a more probable process than that in 3D materials. Indeed, E th for the 1D CNT is estimated to be È1.5E g /l ph 0 0.3 to 0.6 MV/cm, i.e., it is È7 times smaller than that in bulk materials with the same excitation energy (22) .
The emission intensity generated by the high interface field E int should be proportional to the impact excitation rate (22) , exp(-E th /E int ). The probability for an electron to travel without scattering a distance L is given by exp(-L/l ph ). Therefore, the probability to accelerate an electron to energy E th is exp(-E th /eE int l ph ), where e is the electron charge and where field E int has contributions from both the band-bending and the source-drain fields, E band and E sd , respectively. E band can be estimated as DE c /l scr È Ea sub (V g -V th ) -a sus (V g -V th )^/l scr (26) , where DE c is the band bending, a sub is the coupling between the gate and the substratesupported CNT, a sus is the coupling between the gate and the suspended CNT, and l scr is the screening length (27) . E sd is the contribution from the source-drain field that accelerates the carriers, and can be written as ÈgV d /l scr , where g is the fraction of the source-drain field that contributes to the SiO 2 supported/ suspended interface junction. The IR emission intensity of the radiatively recombining e --h þ pairs is proportional to the carrier impact excitation rate expðYE th =AEða sub j a sus Þ Â ðV g j V th Þ þ gV d^= l scr ZÞ ð1Þ
We first examine the dependence of emission intensity on the gate bias. Figure 2A shows the drain current of another suspended device and the corresponding IR emission intensity at 1.6 mm (within the E 11 emission band) versus gate voltage V g at drain biases of V d 0 6 and 7 V. IR emission occurs at a gate voltage overdrive of È2 V. The IR emission is localized at the supported/suspended interface ( Fig. 2A,  inset) . The emission intensity indeed shows the dependence on the gate field predicted by Eq. 1 and can be fit for both drain biases, as shown by the solid curves in Fig. 2A . From the fitting, a g of 0.05 is obtained at both drain biases. A band-bending of È0.4 eV at the peak of light emission can be estimated from electrostatics (27) . E int in our device is estimated to be 0.01 to 0.2 MV/cm for the fields at the onset and the peak of light emission.
We now turn to the dependence of light emission on the source-drain field. Figure 2B shows the drain current I d and light emission at 1.6 mm versus drain bias V d at constant gate biases of V g 0 0 and 1 V of the same device. Unlike CNTs on solid substrates (13) (Fig.  2B) . At its onset, impact excitation is expected to generate nonemitting triplet excitons followed, at higher energy, by light-emitting singlet excitons (28) . The observed NDC could be (C) Schematics of impact excitation process. An incoming hot electron is accelerated by the bandbending at the suspended/supported interface to energies larger than the band gap and generates an exciton that decays radiatively. Subsequently, the ''cooled'' electron picks up more energy from the electrical field and continues this process.
attributed to the momentum loss from impact excitation of excitons. In a gate scan where gate overdrive kV g -V th k is a variable (Fig. 1C and Fig. 2A) , the momentum loss from the charged carriers that have undergone impact excitation can be compensated by the increase in the carrier density caused by the increasing gate overdrive. Therefore, no further reduction of current is observed. The light-emission intensity shows a dependence on the drain field that is also in accord with Eq. 1 and can be fit for both gate biases as shown by the solid curves in Fig. 2B . By biasing the device at different gate overdrives with kV g -V th k , 2 and 1 V for V g 0 0 and 1 V, respectively, we find that indeed a higher drain field is necessary (DV d 0 þ1 V) to compensate a lower gate overdrive (DkV g -V th k , -1 V) in order for impact excitation to take place.
To understand the voltage dependences of the light-emission intensity, we calculated the exciton generation rate as a function of the electric field by solving the Boltzmann equation in the presence of phonon and impact excitation scattering for the charge-carrier distribution function (18) . The results of the calculations are shown in Fig. 2C for three CNTs with different diameters along with the best fit to I º exp(-E th /E) predicted by the simple model. In agreement with experiment, impact excitation does not take place for fields below 0.02 to 0.03 MV/cm. The diameter dependence of the threshold field can be well approximated by a power law E th º E g /l ph º d -2 (Fig. 2C, inset) , as a result of both the inversely proportional dependence between E g and the CNT diameter d and the proportional dependence between l ph and d. We calculate l ph here as the ratio of the impact excitation threshold energy to the threshold field and find it in the range of 20 to 40 nm (for d 01.5 to 2.5 nm CNTs), in accord with previous studies (24, 25, 29) .
The high local density of excitons produced at the suspended/supported CNT interface allows us to directly observe exciton-exciton interactions. Studies of the dynamics of excitation decay in photoexcited CNTs in micelles have shown a nonexponential, laser powerdependent decay, whose short time component was attributed to Auger quenching involving free carriers (3, 30) or exciton-annihilation processes (31, 32) . In addition to the excitonexciton interaction, direct generation of E 22 excitons by hot carriers is possible in EL. By examining the evolution of the EL spectrum as a function of the gate voltage and from the results of our simulations, we conclude that E 11 exciton-exciton annihilation is primarily responsible for the production of E 22 excitons. Figure 3A shows the spectra of a partially suspended, 1.9-nm-diameter tube at various gate biases and a fixed V d of -5 V. The strong emission peak at 0.56 eV corresponds very well with the lowest optically active transition of the CNT, E 11 , observed in PL experiments (23). . The solid curves are fits to the intensity with drain bias according to Eq. 1. (C) E 11 exciton generation rate r 11 as a function of electric field for the three zig-zag tubes with diameters d 0 1.5 (red circles), 2.0 (blue squares), and 2.5 nm (green triangles). We define r 11 as the generation rate of electron-hole pairs with energy below the second band, which is averaged over the nonequilibrium distribution (from the Boltzmann equation solution) and normalized per single carrier (18) . The solid curves are the best fits to r 11 º exp(-E th /E) with the following threshold fields: E th 0 0.41, 0.22, and 0.14 MV/cm, respectively. The inset shows the diameter dependence of the threshold field and a power-law fit E th 0 0.9/d -2 MV/cm (d in nm) for the zig-zag tubes with mod (n -m,3) 0 1. mod (n -m,3) gives a remainder in the division of n -m by 3, where n and m are the chiral indices of a CNT. Zig-zag tubes with mod (n -m,3) 0 -1 have 15% smaller E th . Fig. 3 . (A) Infrared emission spectra of a partially suspended CNTFET at various gate biases (-4.6, -4.2, -3.9, -2.9 V) that show E 11 emission at È0.56 eV and E 22 emission at È1 eV. (B) Integrated emission intensity of E 11 versus that of E 22 . The solid curve is a fit of the data with E 22 º E 11 1.7 . (C) Numbers of E 22 excitons, n 2 , versus those of E 11 excitons, n 1 , (red circles) from the solution of the master equation using decay-rate constants from the literature (18) . The red solid curve is the best power-law fit n 2 º (n 1 -1) 1.9 . The blue curve shows the fraction of E 22 excitons created by the exciton-exciton annihilation mechanism. The inset shows exciton generation rates of E 22 excitons-r 22 versus r 11 (black circles). (r 22 has the same definition as r 11 except that the electron-hole pair energy is above the second band.) The solid black curve is the best power-law fit r 22 0 0.157r 11 1.5 (r is in ps j1 ) used in simulations of n 2 and n 1 .
In the EL experiments, however, a weaker peak near 1 eV is also observed. The energy of the transition lies at the expected position of the second optically allowed transition, E 22 , of the CNT Ewith E 11 /E 22 È1.8, also consistent with that of PL studies (23)^. The nature of the excitation mechanism of this state is revealed by examining the light emission intensity of E 22 as a function of the intensity of E 11 and the results of our simulations (18) . Figure 3B shows that I(E 22 ) º I(E 11 ) 1.7 . This nonlinear dependence alone cannot distinguish between a direct exciton-generation mechanism and a Bbimolecular[ exciton-exciton annihilation EE 11 þ E 11 Y E 22 (þ phonons)^process. Indeed, the direct impact excitation rate of E 22 also has a power-law dependence on E 11 generation (Fig. 3C, inset) . Further carrier-kinetics calculations using the master equation (18) indicate that the formation of E 22 excitons is primarily caused by the annihilation of two E 11 excitons. There is a negligible E 22 exciton density until the exciton-exciton annihilation process becomes possible (Fig. 3C) , which is consistent with the experimental data in Fig.  3A . The fraction of E 22 excitons generated by the exciton-exciton annihilation mechanism gradually decreases with increasing field, from 100% to slightly above 80% for the typical fields achieved in our devices. From the master equation (18), we estimate that there are about eight E 11 excitons at the intrananotube junction at a field of 0.15 MV/cm. The total exciton density (0.14 nm -1 ) is therefore about 100 times larger than what has been reported in typical PL experiments (32), making it possible to observe the Bbimolecular[ process. Such annihilation processes are widely observed in molecular crystals, polymers, and j-molecular aggregates (33) , and apparently play a key role in the photo-and electroluminescence of CNTs.
Retention of Xenon in Quartz and
Earth's Missing Xenon The reactivity of xenon with terrestrial oxides was investigated by in situ synchrotron x-ray diffraction. At high temperature (T 9 500 kelvin), some silicon was reduced, and the pressure stability of quartz was expanded, attesting to the substitution of some xenon for silicon. When the quartz was quenched, xenon diffused out and only a few weight percent remained trapped in samples. These results show that xenon can be covalently bonded to oxygen in quartz in the lower continental crust, providing an answer to the missing xenon problem; synthesis paths of rare gas compounds are also opened.
The atmospheres of Earth and Mars are depleted in Xe by a factor of 20 relative to other rare gases (i.e., Ne, Ar, and Kr) (1). More than 99% of Xe was degassed from the mantle (2), and the core seems an improbable Xe reservoir (3), suggesting that the Bmissing[ Xe must be trapped elsewhere. Ices (4), clathrates (5) , and sediments (6) were first tested as potential Xe reservoirs, without success. Early escape from the atmosphere was suggested to explain the light-isotopic abundance pattern (7) of atmospheric Xe, but hydrodynamic escape models require that most of the primordial Xe be retained in the interiors of the planets (8).
This Xe retention could be explained if the normally inert Xe became increasingly soluble or even formed compounds under the conditions found within planetary interiors, resulting in the depletion of Xe in the atmosphere. Experimentally, no reaction has been observed between Xe and Fe at pressures up to 70 GPa (3), and if Xe were denser than mantle materials (9), its extremely low concentration in the mantle leads us to question how gravitationally unstable particles are formed. The incompatible character of rare gases may vary with pressure (P) and temperature (T ), and it 
